Background The ring-tailed lemur (Lemur catta) is a quadruped arboreal primate
Introduction
The ring-tailed lemur (Lemur catta) is classified as a near-threatened species by the International Union for Conservation and Nature [10] . It belongs to the suborder Strepsirrhini [20] . Strepsirrhines are characterised by retaining primitive characteristics such as bicornuate uterus, pointed muzzle, rhinarium, small brain case, tapetum lucidum, epitheliochorial placenta, prominent scent glands and open eye sockets [2, 12] .
In Lemurs, the trachea has complete cartilaginous rings, and the principle bronchi are relatively short with the right being shorter than the left [22] . The lungs are conical in shape with the apex being more pointed than that of the human lungs [22] . The apex does not protrude past the thoracic inlet into the root of the neck. It only reaches to the level of the caudal border of the first costal arch [22] . The left lung is divided into two lobes, that is, cranial and caudal lobes. The cranial lobe is larger than the caudal lobe.
The former is incompletely subdivided by a short fissure into cranial and caudal parts [22] . The right lung consists of four lobes: cranial, middle, caudal and accessory lobes [22] (Fig. 1) . Radiography is commonly used in primates, and several authors have documented the normal radiographic anatomy of the thorax in primates, which provides a reference for diagnosis of disease [1, 3, 25, 26, 28, 31, 33] . Various thoracic diseases have been reported in ring-tailed lemurs such as pneumonia [7, 30] , tuberculosis [27] , hydatidosis [14] , neoplasia [23] , pleural effusions [12] , lung atelectasis [21] , encephalomyocarditis virus infection [5] and sudden acute respiratory distress syndrome (M. Barrows, personal communication).
This study was performed to describe the normal radiographic thoracic anatomy of the ring-tailed lemur as a species-specific reference. To the best of the authors' knowledge, this has not been published previously.
Materials and Methods

Animals
A total of 15 captive ring-tailed lemurs from the Bristol zoo (6), United Kingdom (UK), Johannesburg zoo (8) and Montecasino Bird Gardens (1), South Africa (SA) were radiographed during their annual health examinations. Animals were considered healthy based on history, physical and clinical examinations, haematological evaluation, faecal examination and kidney and liver function tests. The age of the animals ranged from 1.40 to 25.70 years (mean: 10.34 ± 7.63 years). The minimum and maximum weights of the animals were 2.10 and 3.44 kg, respectively (mean: 2.92 ± 0.42 kg). Of the 15 animals, 10 were females and five were males. There was no significant difference in the mean age (p = 0.39) and weight (p = 0.08) of the animals between males and females. This study was approved by the Bristol Zoo Gardens Research Committee and Animal Use and Care Committee (AUCC) of the University of Pretoria.
Radiography
Radiography of the thorax was performed under general anaesthesia. Animals were fasted for 8-12 hours, but water was given ad libitum until shortly before general anaesthesia. Anaesthesia was induced by either isoflurane (IsoFlo: Abbott Laboratories Ltd., Berkshire, UK) via a mask or intramuscular injection of medetomidine hydrochloride (Domitor: Pfizer Laboratories Ltd., Sandton, SA) and ketamine hydrochloride (Kyron Laboratories Ltd., Benrose, SA) combination. All animals were maintained by isoflurane anaesthesia (IsoFlo; Abbott Laboratories Ltd.: Isofor; Safe Line Pharmaceuticals Ltd., Roodepoort, South Africa) under intubation.
Right lateral (RL) and dorsoventral (DV) radiographic views of the thorax were taken at the end of inspiration using a table-top technique. The forelimbs were positioned cranially for the RL view. For the DV view, the forelimbs were pulled cranially in 4 of 15 animals, whereas in 11 of 15 animals, the elbows were positioned to either side of the thorax. Radiographs were made using either a Roentgen 703 (GEC Medical Equipment Ltd., Middlesex, UK) or EVA-HF525 (Comed Medical System Co. Ltd., Kyunggi, Korea). In the former, a source to image distance (SID) of 105 cm was used with 60 kVp and 3 mAs (100 mA and 0.03 s). Images were obtained using a computed radiography (CR) unit Regius Model 110 (Konica Minolta Medical and Graphic INC., Tokyo, Japan). With the EVA-HF525, a SID of 95 cm was used. Medium speed screentype films (Fujifilm Corporation, Tokyo, Japan) were used in combination with RAREX green regular intensifying screens (Okamoto manufacturing Co. Ltd., Tokyo, Japan). An exposure of 46 kVp and 1.25 mAs (25 mA and 0.05 s) was used with an automatic x-ray film processor model CP-345 (ELK Corporation, Tokyo, Japan).
Evaluation
The height (Fig. 2) of the thoracic vertebrae and sternebrae was measured on the RL view along a line that extended between the cranioventral and craniodorsal borders of the vertebral bodies and sternebrae [18] . The length (Fig. 2) of the thoracic vertebrae and sternebrae was measured on the RL view from the midpoint of the cranial end plate to the midpoint of the caudal end plate [18] . The depth of the thorax (TDp) (Fig. 2) was measured on the RL view from the dorsocaudal border of the last sternebra (sternebra four or five) to the closest edge of the vertebral column [16] . The width of the thorax (TW) (Fig. 3) was measured on the DV view as the maximum distance between the left and right pleural surfaces of the seventh ribs. The visibility, shape and location of thoracic organs were recorded. The vertebral heart score (VHS) was measured on the DV and RL views (Figs 2 and 3) as previously described in dogs [4] . The angle of cardiac inclination (ACI) was measured as the angle formed between the right cardiac border and the sternum (Fig. 2) on the RL view [1] .
The maximum diameter of the caudal vena cava (CVC) and aorta was measured on the RL view caudal to the cardiac silhouette and cranial to the diaphragm. The diameter of the CVC was also compared to that of the aorta and the length of the thoracic vertebral body (VL) above the tracheal bifurcation [15] .
The ratio of the tracheal diameter (TD) to thoracic inlet diameter (TID) was calculated on the RL view [9] . The TID was measured from the ventral aspect of the vertebral column at the midpoint of the most cranial rib to the dorsal surface of the manubrium at its point of minimal thickness (Fig. 2) . The TD (Fig. 2) was measured between the internal surfaces of the tracheal wall perpendicular to the tracheal long axis at the point where the thoracic inlet distance crosses the midpoint of the tracheal lumen [9] . The location of the carina with respect to thoracic vertebra was determined on the RL and DV views. In cases where the carina was not visible on the RL view, the crossing point of the mainstem bronchi was used to locate its position. The angle between the mainstem bronchi (MSB) was measured on the DV view as the angle of divergence between the caudal borders of the left and right mainstem bronchi [8] . The crossing point of the diaphragmatic crura/crus to the thoracic or lumbar vertebra on the RL view was recorded in relationship to cranial thoracic vertebrae during inspiration.
Data analysis
Data were analysed using Stat View ® statistical package (SAS Institute, Cary, NC, USA). Mean, range and standard deviation were calculated. Student's t-test was used to compare the mean age and weight between male and female animals as well as means of VHS on RL view vs. DV view. Statistical significance was accepted at P ≤ 0.05. Data are expressed as mean ± SD. 
Results
Patient positioning was better with forelimbs adjacent to the thorax compared with cranially on the DV view. Radiographic measurements and findings are summarised in Tables 1−3 . 
Musculoskeletal system
Of 15 animals, 14 had 12 thoracic vertebrae (Fig. 4) whereas one animal (female) had 13 thoracic vertebrae. The anticlinal vertebra was thoracic vertebra 10 (T10) in 12 of 15 animals ( Fig. 4) and T11 in 3 of 15. The thoracic spine was fairly horizontally aligned (Figs 4 and 5) . The height and length of thoracic vertebral bodies increased from cranial to caudal (Fig. 4) . The spinous processes were almost of the same height (Fig. 4) .
Spondylosis deformans of thoracic vertebrae was seen in two animals aged 19 and 22
years. Of the 15 animals, 14 had 12 pairs of ribs of which the last pair was floating (not connected to the costal arch) (Fig. 4) . The animal with 13 thoracic vertebrae had 13
13 
Cardiovascular system
In all animals, the cardiac silhouette was in contact with the diaphragm (Fig. 4) . The (Fig. 4) . The caudal vena cava (CVC) was clearly seen in nine animals (Fig. 4) and was not clearly visible in six animals. The visibility of the CVC was better in light (Fig. 4) vs. heavy animals (Fig. 5) . In the majority of the animals (11/15), the aorta was not clearly seen or not seen at all (Figs 15 , which increased in heavy animals ( Fig. 7) compared to lighter animals (Fig. 6 ). The caudal lobar pulmonary veins and arteries were not clearly visible. There was a significant difference (p = 0.003) in the mean VHS obtained on the RL and DV views.
Pericardial fat was seen in three heavier animals (3.3 kg and above). On the RL view, pericardial fat was seen along the cranial border of the heart (Fig. 8) . On the DV view, it was seen around the cardiac apex ( Fig. 9 ) and at 8-11 o'clock. 
Respiratory system
On the RL view, the trachea with its mineralised cartilage rings was seen in all animals (Fig. 4) . It was parallel (8/15) (Figs 4 and 5) or deviated dorsally to the spine (6/15). In only one animal, did it diverge from the spine. The carina was frequently (12/15) not clearly visible or not visible at all (Fig. 4) on the RL view. It was clearly visible in only three animals (Fig. 5) . On the DV view, the carina was clearly visible in 14 of 15 animals.
There was no significant difference (P = 0.16) in the mean position of the carina with respect to thoracic vertebra on the DV and RL views. On the DV view, in 12 of 13 animals, the trachea was running slightly to the right of the spine (Fig. 6) . In one animal, it was superimposed on the spine (Fig. 7) . In 7 of 15 animals, interstitial, bronchointerstitial and alveolar patterns were observed in the right hemithorax with severe changes seen adjacent to the right margin of the cardiac silhouette which was partially being obscured (Fig. 9) . The caudoventral mediastinal reflection was seen in 3 of 15 animals. The craniodorsal mediastinum exceeded the width of the superimposed spine and appeared prominent in heavy animals (Fig. 7) .
Other findings
The thoracic lymph nodes were not identified in any view. A pair of mammary glands was seen in female animals as increased soft tissue opacity ventral to the thorax partly superimposed over the triceps brachii muscle on the RL view. Area of increased soft tissue opacity in the proximal half of the humerus was seen in male animals representing the brachial scent glands (Fig. 5) .
Discussion
The mean weight of the animals observed in this study (2.92Kg) was higher than the reported mean weight of the ring-tailed lemurs in the wild (2.2 kg) [6, 12] and previously reported (male: 2.705 kg; female: 2.678 kg) in captivity [13] . In captivity, lemurs are commonly observed to be overweight or even obese mainly as a result of change in their lifestyle [6] .
In primates, variations in the number of thoracic vertebrae occur within a species [1, 31] . The number of thoracic vertebrae observed in this species (12-13) is similar to the common marmoset (Callithrix jacchus) [31] . However, the mean number of thoracic vertebrae (12.1) is different from the reported study in the common marmoset (12.59) [31] and indicates that there is very little variation in the number of thoracic vertebrae in this species when compared to the common marmoset. The increase in size of the thoracic vertebral bodies from cranial to caudal observed in this species has also been reported in the vervet monkey (Chlorocebus sabaeus) [33] and in other primate species [2] . Variation in the number and fusion of sternebrae has also been reported in the common marmoset [31] . Further, the mean number of sternebrae observed in this study (4.6 ) is similar to the reported study in the common marmoset (4.5) [31] . The spondylosis deformans observed in this study was characterised by osteophytes formation at the vertebral body end plates similar to dogs, although cranial thoracic vertebrae were also involved. In dogs the thoracolumbar and lumbosacral regions are commonly affected [32] .
Measurement of thoracic width in this study was performed between the left and right pleural surfaces of the seventh ribs, rather than the eighth as in domestic cats and dogs [4, 17] due to lack of visibility of the thoracic pleura at rib 8 in some of the animals.
The lack of visibility of the thoracic pleura at rib 8 in some of the animals is the result of abdominal dominance in this species. The mean VHS obtained in this study lies between the values reported in domestic cats [17] and dogs [4] . The higher value of the VHS obtained from DV view than RL view has also been observed in domestic cats [17] and dogs [4] . For VHS measurements, pericardial fat must be distinguished from the actual cardiac silhouette to avoid exaggerated VHS and misdiagnosis of cardiomegaly.
Pericardial fat has also been seen in domestic cats and dogs [11, 16, 24, 29] . The mean ACI obtained in this study (34.13º) is intermediate between the domestic cat (25−30º) and dog (40º) [19] .
The poorly defined cranial border of the cardiac silhouette observed in this study on the RL view is believed to be due to the deposition of fat in the pericardial sac. In obese domestic cats, the cardiac silhouette margins may not be clearly seen due to pericardial fat [16] . Pericardial fat in domestic cats was distinguished more readily on the lateral radiographs, and the radiographic contrast between the true cardiac silhouette and fat was sometimes enhanced by decreasing kVp and increasing mAs [16] . The extensive cardiodiaphragmatic contact in this species is similar to the reported study in the common marmoset [31] and is due to the abdominal dominance in these species.
The parallel or dorsal deviation of the trachea to the thoracic spine which was observed in this species on the RL view is normal and should not be misinterpreted as dorsal displacement of the trachea due to cardiac enlargement, cranial mediastinal mass, pleural effusion [9] or substernal fat [16] . The parallel alignment of the trachea to the thoracic spine has also been observed in dogs with dorsoventrally compressed thorax such as the Dachshund and Welsh corgi [29] . The animal in which the trachea diverged from the spine had also kyphosis and spondylosis deformans of the entire thoracic spine. The position of the trachea slightly to the right of the spine which was observed in the majority of the animals on the DV view is similar to dogs [9, 29] . The presence of mineralised tracheal cartilage rings in all animals in this study suggests that it is a normal feature in this species and not an incidental finding or ageing change. The poor visibility of the carina on the RL view in the majority of the animals in this study is similar to the common marmoset [31] , but contrary to the vervet monkey [33] . The observed interstitial, brochointerstitial and alveolar patterns are believed to be due to RL recumbency during radiography causing gravity-dependent atelectasis, which would be consistent with their location in the right hemithorax. This would be also supported by the fact that heavier animals were prone to more severe atelectasis. None of the animals with lung pattern revealed respiratory disease on clinical examination. In domestic cats and dogs the right middle lung lobe collapses before the other lobes because of a high pleural surface area: lung volume ratio, leading to less collateral ventilation. The same may hold true for the ring-tailed lemur due to occurrence of severe changes adjacent to the right margin of the cardiac silhouette which was partially obscured.
The radiographic thoracic anatomy of the ring-tailed lemur more closely resembles the common marmoset [31] than other reported New and Old World monkeys [1, 28, 33] . Variations exist in the normal radiographic thoracic anatomy of primates [1, 28, 31, 33] . Knowledge of the normal radiographic thoracic anatomy of individual species is important and fundamental for accurate diagnosis of diseases.
